Introduction {#s1}
============

Glioblastoma (GBM) is the most aggressive and common primary brain tumors in adults. The etiology and pathogenesis of GBM remains unclear. The median patient survival is \<15 months and the 5-year survival rate is \<5% despite extensive therapy including surgical resection, radiotherapy, and chemotherapy ([@B1]--[@B3]). Neo-angiogenesis is a specific characteristic of GBM, which distinguishes GBM from low-grade gliomas and is associated with a high risk of tumor recurrence, invasive growth, and multi-therapy resistance. Thus, anti-angiogenesis has become promising strategy for GBM treatment ([@B2], [@B4]). However, the currently available anti-angiogenic drugs cannot ultimately improve the survival of GBM patients ([@B5]), and moreover, there is no drug available specifically targeting tumor invasion. Therefore, the development of new therapeutic targets for GBM could succeed against this capacity.

The programmed cell death 10 (PDCD10) gene encodes an evolutionarily conserved protein and is ubiquitously expressed in nearly all human tissues and various types of cells ([@B6]). PDCD10 was initially named TF-1 cell apoptosis-related gene 15 (TFAR15) because of its upregulation upon apoptotic stimuli. The apoptotic function of PDCD10 appears cell type-dependent ([@B7], [@B8]). PDCD10 is also known as cerebral cavernous malformation 3 (CCM3). A loss-of-function mutation in PDCD10 causes the familial form of cerebral cavernous malformation, one of the most common vascular lesions in the central nervous system involving aberrant angiogenesis ([@B9], [@B10]). We ([@B8], [@B11], [@B12]) and others ([@B13], [@B14]) have demonstrated the crucial roles of PDCD10 in endothelial proliferation, apoptosis, senescence, and autophagy. The underlying signaling pathways including EphB4-Notch-p-Erk, VEGFR2, STK24/25, MST4, RhoA, Smad, MEKK3-KLF2/4, and mTOR have been identified. However, the fundamental roles of this protein in tumors remain less understood. Nevertheless, increasing evidence has demonstrated the involvement of PDCD10 in different types of tumors. Patients harboring heterozygous mutations of PDCD10 displayed a high risk of developing meningioma ([@B15]--[@B17]). Downregulation of PDCD10 was associated with chemo-resistance in colorectal cancer cells ([@B18]). Another study reported that microRNA-103 suppressed tumor cell proliferation by targeting PDCD10 in prostate cancer ([@B19]). We demonstrated that downregulation of PDCD10 in human primary GBM was associated with the activation of Akt, higher tumor microvessel density, and higher grade of peritumoral edema. More interestingly, we observed the absence of PDCD10 immunoreactivity in the majority of endothelia of tumor vessels and in tumor cells ([@B20]). These data, for the first time, implicated PDCD10 in human GBM.

Ephrin type-B receptor 4 (EphB4), a member of tyrosine kinase family, is preferentially expressed in venous endothelial cells (ECs). EphB4 binds specifically with its ligand ephrinB2 via direct cell-cell contact, resulting in EphB4-ephrinB2-complex dimerization, and a subsequent induction of bi-directional signaling. Upon engagement of EphB4 with ephrinB2, EphB4 becomes auto-phosphorylated on its kinase domain, thereby activating the kinase-dependent forward signaling; the reverse signaling is activated upon ephrinB2 tyrosine phosphorylation through recruitment of itself ([@B21]). This ligand-receptor interaction plays important roles in diverse cell biological processes, such as cell morphogenesis ([@B22]), cell adhesion/repulsion ([@B23]), and angiogenesis ([@B24]), and is also involved in tumor progression ([@B25]). EphB4 is overexpressed in various type of solid tumors, such as colon cancer ([@B26]), bladder cancer ([@B27]), breast cancer ([@B28]), esophageal cancer ([@B29]), lung cancer ([@B30]), and mesothelioma ([@B31]). It is noteworthy that EphB4 expression increased in human gliomas in a grade-dependent manner and was also associated with the neo-vascularization and with tumor progression and poor prognosis in GBM patients ([@B32], [@B33]). These data suggest EphB4 as a critical intermediator in GBM.

We have previously investigated the angiogenic and apoptotic functions of PDCD10 in vascular endothelial cells (ECs) and the underlying molecular mechanism ([@B8], [@B11], [@B12]). By siRNA transfection- and lentiviral shRNA transduction mediated knockdown methods, we demonstrated that loss of endothelial PDCD10 stimulated endothelial proliferation, adhesion, migration, and tube formation *in vitro* and promoted neo-angiogenesis *in vivo* through the activation of EphB4-forward signaling ([@B12]). Further study of the interaction between ECs and GBM cells (TCs) indicated that PDCD10-ablation in ECs activated proliferation-, adhesion-, invasion-, and migration of TCs *in vitro* and promoted neo-angiogenesis and tumor growth in xenograft models ([@B34]). These data provided evidence for the crucial impact of EC-originated PDCD10 in GBM progression. Based on these findings together with the previous observation that PDCD10 was absent not only in the majority of ECs but also in TCs of the tumor tissue resected from GBM patients ([@B20]), we recently extended our research to study the role of TC-originated PDCD10 in GBM. As expected, upon knockdown of PDCD10 TCs activated themselves toward a more aggressive phenotype and promoted tumor growth ([@B35]). However, its underlying mechanism remains unclear. In this study, we speculate that EphB4 is the target of PDCD10 in GBM cells and that interfering EphB4 signaling could rescue the phenotype of PDCD10-deficient GBM cells and suppress tumor growth in a mouse model of GBM.

Materials and Methods {#s2}
=====================

Culture of Lentiviral-Mediated shRNA Transduced GBM Cells and Cell Treatment
----------------------------------------------------------------------------

The establishment of the stable knockdown of PDCD10 (shPDCD10) and controls (empty vectors, EV) in two human GBM cell lines, U87 and T98g, by using two different lentiviral mediated shRNA transduction systems has already been previously described ([@B35]). The transduced U87 cells were cultured in DMEM containing doxycycline (dox, 1 μg/ml) (Sigma-Aldrich, Munich, Germany) to maintain the knockdown of PDCD10 and puromycin (1 μg/ml) (Sigma-Aldrich, Munich, Germany) to eliminate non-transduced cells. The transduced T98g cells were cultured in MEME containing only puromycin (1 μg/ml) (Sigma-Aldrich, Munich, Germany) because of the permanent knockdown status of PDCD10. The successfully transduced U87 cells produced red fluorescent protein (RFP) whereas the T98G cells expressed green fluorescent protein (GFP) leading to red and green fluorescence, respectively.

To inhibit EphB4 kinase activity, NVP-BHG712 (NVP), a specific EphB4 kinase inhibitor, was purchased from Sigma (Sigma-Aldrich, Munich, Germany), and dissolved in DMSO as stock solution. Cells were treated with a solution containing 10 or 25 nM of NVP for different period of time as indicated for each experiment.

Real-Time RT-PCR (RT^2^-PCR)
----------------------------

Total RNA was extracted using the innuPREP RNA mini kit (Analytik jena, Berlin, Germany). cDNA was synthesized using the iscript cDNA kit (Bio-Rad, Munich, Germany). The PCR reaction mixture was prepared to a final volume of 15 μl comprising of 6 μl of cDNA template (4 ng/μl), 7.5 μl of SYBR green supermix (Bio-Rad, Munich, Germany), 0.3 μl of forward and reverse specific primers (10 μM), and 0.9 μl RNase-free H~2~O. Real-time PCR was performed according to our recent publication. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was stably detected and was used as the housekeeping gene. The relative expression of target gene was calculated by 2^−ΔΔCt^ method as described previously ([@B34]). Primer sequences and annealing temperature for individual genes are listed in [Table 1](#T1){ref-type="table"}.

###### 

Primer sequences for real-time RT-PCR.

  **Primer**   **Sequence**                    **Ta (^**°**^C)**
  ------------ ------------------------------- -------------------
  *PDCD10*                                     60
  for.         TGG CAG CTG ATG ATG TAG AAG     
  rev.         TCG TGC CTT TTC GTT TAG GT      
  *EphB4*                                      58
  for.         TGT GTT GGA GGG AAC CTG TTT C   
  rev.         GGG CCC CTG TTT CAA CTT G       
  *GAPDH*                                      60
  for.         AGC CAC ATC GCT CAG ACA         
  rev.         GCC CAA TAC GAC CAA ATC C       

*for., forward; rev., reverse. Ta. Annealing temperature*.

Cell Phenotype Study
--------------------

Cells were first cultured in serum-free media for 24 h before phenotype study in order to synchronize cell cycle thereby minimizing the influence of proliferation on cell migration and invasion. Thereafter, the phenotype of U87 and T98g cells including migration, adhesion, and invasion was assessed according to our previous protocols ([@B35]). Briefly, for spheroid migration assay, U87 and T98g spheroid was formed after overnight incubation with 20% of methylcellulose solution. The spheroids were reseeded into the plate pre-coated with matrigel. The spheroid diameter was measured at different time points by Image J software. For transwell invasion assay, GBM cells were suspended in serum-free medium and seeded into the insert precoated with matrigel. The medium containing 10% of FBS was added into the lower chamber. After incubation for 24 h, the uninvaded cells were gently removed with a cotton swab. The invaded cells were stained with crystal-violet (0.5%) and destained with sodium dodecylsulfate (1%) followed by measuring the absorbance at 550 nm by a plate reader. For extracellular matrix (ECM) adhesion assay, cells were seeded in 96-well-plate pre-coated with matrigel and incubated for 90 min. After gently removing the non-adherent cells, the adherent cells were detected after crystal-violet staining and the absorbance was measured at 550 nm by a plate reader. For cell growth assay, 2,000 cells were seeded on the 96-well-plate and the cells were treated with a DMSO solution containing 10 nM of NVP or the only DMSO. The cell population was measured through the intensity of the fluorescence on plate reader (TECAN, Maennedorf, Switzerland) at 24, 48, and 72 h after the treatment. For T98g transduced cells (GFP), the excitation wavelength was 485 nm and the emission wavelength was 535 nm; for U87 transduced cells (RFP), the excitation wavelength was 553 nm and the emission wavelength was 574 nm.

Western Blot
------------

Total protein extraction and Western blot were performed as described previously ([@B12], [@B35]). The following antibodies were used: PDCD10 (1:400; Atlas Antibodies); EphB4 (1:400, Santa Cruz), p-Erk1/2, p-Akt, and GAPDH (each 1:1000 dilution, Cell Signaling Technology).

Enzyme-Linked Immunosorbent Assay (ELISA)
-----------------------------------------

After treatment with NVP (10 nM) for 90 min, cell pellets were collected and proteins were extracted. The level of phosphor-EphB4 (p-EphB4), reflecting the kinase activity of EphB4, was measured according to the manufacture\'s instruction by using an ELISA kit (R&D, Wiesbaden, Germany).

Glioblastoma Xenograft Model and the Treatment
----------------------------------------------

Ethic approval was obtained (No. 84-02.04.2012.A348) and the animal experiments were performed accordingly. The glioblastoma cell line derived xenograft model was performed in female nude mice (4--6 weeks old) as previously described ([@B34], [@B35]). Briefly, to maintain the knockdown of PDCD10, transduced U87 cells were cultured in the complete medium with doxycycline (1 μg/ml) (shPDCD10), whereas the transduced U87 cells cultured without doxycycline (control U87) served as control (*n* = 8 for each group). Cell suspension (100 μl) was prepared with 1 million of shPDCD10-U87 or control-U87 cells. Then the individual cell suspension was mixed with VEGF (1,000 ng/ml) (R&D Systems, Wiesbaden-Nordenstadt, Germany), bFGF (1,000 ng/ml) (R&D Systems) and 100 μl of Matrigel (BD, Heidelberg, Germany). The mixture was subcutaneously implanted into the left flank of the nude mice. To maintain the stable knockdown of PDCD10 *in vivo*, doxycycline (2 mg/ml), and 1% sucrose (Sigma, München, Germany) was added to their drinking water. To investigate whether inhibition of EphB4 could rescue shPDCD10-induced tumor growth, the mice implanted with shPDCD10-U87 were treated with NVP (8 mg/kg, i.g.) every 2 days beginning on the sixth day after implantation. The control mice received the same amount of solvent without treatment \[the solvent containing 10% v/v 1-methyl-2-pyrrolidone (Sigma, Munich, Germany) and 90% v/v polyethylene glycol 300 (Sigma, Munich, Germany)\]. Tumor size was monitored twice a week by caliper. Tumor volume (TV) was calculated according to previous description ([@B35]). Mice were euthanized and tumors were excised 3 weeks after the implantation. Tumor mass was weighed and divided into three pieces for RT^2^-PCR, Western blot, ELISA, and sectioning and staining.

Immunohistochemistry Staining
-----------------------------

Immunohistochemistry was performed according to the previously described protocol ([@B35]). Following antibodies were used: mouse anti-Ki-67 (1:200, Zytomed, Berlin, Germany) and mouse anti-CD31 (1:40, Dako, Hamburg, Germany). Images were acquired using a microscope (Axio Imager M2, Zeiss, Oberkochen, Germany).

Database Analysis and Statistical Analysis
------------------------------------------

Using the TCGA-GBM dataset obtained by RNA sequencing, transcriptional levels of PDCD10, and EphB4 were preliminarily analyzed by a free web tool GlioVis (<http://gliovis.bioinfo.cnio.es/>). Based on expression data, a correlation coefficient (*r*) between their expressions in cohort was calculated at the 0.01 level (2-tailed).

Data are presented as mean ± SD. Statistical analysis was performed using the WinSTAT and Graphpad Prism 8 software. Results among groups were analyzed by the analysis of variance ([@B36]). A *P* \< 0.05 was considered statistically significant.

Results {#s3}
=======

Up-Regulation of EphB4 Expression and Activation of EphB4 Kinase Activity in PDCD10-Knockdown GBM Cells
-------------------------------------------------------------------------------------------------------

Next generation sequencing revealed that transcription levels of EphB4 in GBM were drastically increased than those in non-tumor (data not shown; log2FC = 2.33; *P* \< 0.0001). In order to study if such a significant increase in EphB4 expression levels in GBM is related to PDCD10 expression, we first explored the TCGA-GBM dataset. In cohort of 156 patients, a weak negative correlation was found \[[Supplementary Figure 1](#SM1){ref-type="supplementary-material"}; *r* = −0.206; significant level = 0.010 (2-tailed)\].

To check the influence of PDCD10 on EphB4 expression in GBM cells, the level of EphB4 mRNA, protein, and p-EphB4 were studied in two different GBM cell lines U87 and T98g in which PDCD10 were stably knocked down by shRNA transduction. As detected by RT^2^-PCR, the expression of PDCD10 in shPDCD10-U87 cells and shPDCD10-T98g cells was reduced to 37 and 33% of the control, respectively (both *P* \< 0.001), concomitantly accompanied by a 2.7-fold (*P* \< 0.05) and a 3.1-fold (*P* \< 0.01) up-regulation of EphB4 mRNA ([Figure 1A](#F1){ref-type="fig"}). ELISA for p-EphB4, reflecting the kinase activity of EphB4, showed a 280% (*P* \< 0.01) and 150 % (*P* \< 0.05) increase in the level of p-EphB4 in shPDCD10-U87 and shPDCD10-T98g cells in comparison to the controls, respectively ([Figure 1B](#F1){ref-type="fig"}). Furthermore, PDCD10 knockdown-mediated activation of EphB4 was abolished by the specific EphB4 kinase inhibitor NVP in both U87- and T98g cells. Western blot confirmed a significant downregulation of PDCD10 protein expression in shPDCD10-U87- and shPDCD10-T98G cells (both *P* \< 0.001), accompanied by an activation of Erk1/2 but not Akt ([Figure 1C](#F1){ref-type="fig"}; left panel). Semiquantitative analysis showed a 2.9-fold (*P* \< 0.05) and a 2.1-fold (*P* \< 0.05) up-regulation of EphB4 and p-Erk1/2 in shPDCD10-U87 cells, respectively; a 1.5-fold (*P* \< 0.05) and a 2.2-fold (*P* \< 0.05) up-regulation of EphB4 and p-Erk1/2 in shPDCD10-T98g cells were detected ([Figure 1C](#F1){ref-type="fig"}; right panel). NVP treatment partially reversed the activation of Erk1/2 derived by PDCD10 knockdown. Upregulated EphB4 protein level in shPDCD10 was not influenced by NVP ([Figure 1C](#F1){ref-type="fig"}), which is however not surprising as NVP selectively inhibits autophosphorylation of EphB4, but does not influence the EphB4 gene transcription or protein translation processes. Furthermore, we examined the effect of NVP on GBM cell growth. Knockdown of PDCD10 (shPDCD10) stimulated U87 (*P* \< 0.01) and T98g (*P* \< 0.001) cell growth, which was significantly inhibited by the treatment with NVP (both *P* \< 0.05) ([Figure 1D](#F1){ref-type="fig"}).

![Knockdown of PDCD10 increases the expression and the kinase activity of EphB4 in GBM cells and promotes cell growth, which is reversed by the treatment with the specific inhibitor of EphB4 kinase NVP. PDCD10 was knocked down in U87 or T98g cells by lentiviral shRNA transduction. **(A)** RT^2^-PCR demonstrated a significant downregulation of PDCD10 mRNA and an upregulation of EphB4 mRNA in PDCD10 knockdown (shPDCD10) U87 and T98g cells in comparison to EV-transduced cells. **(B)** ELISA demonstrated that knockdown of PDCD10 elevated the level of p-EphB4, reflecting the activity of EphB4, which was reversed upon the treatment with NVP (10 nM), a specific EphB4 kinase inhibitor. **(C)** Western blot revealed that knockdown of PDCD10 increased the EphB4 protein expression and activated Erk1/2 but not Akt in GBM cells (left). The activation of Erk1/2 mediated by PDCD10 knockdown was partially reversed by the treatment of NVP. Semiquantification of the blots was performed measuring the integrated optical density (IOD) of the blots normalized to the IOD of housekeeping protein GAPDH (right). **(D)** Knockdown of PDCD10 accelerated GBM cell growth. This effect was reversed by the treatment with NVP for 24 or 48 h as shown by fluorescence measurement of U87-(RFP) and T98g-(GFP) cells. For transduced U87 cells expressing RFP, the excitation wavelength was 553 nm and the emission wavelength was 574 nm. For transduced T98g cells expressing GFP, the excitation wavelength was 485 nm and the emission wavelength was 535 nm. All data presented in **(A--D)** were representative of at least three independent experiments. \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001, compared with EV; ^\#^*P* \< 0.05, ^*\#\#*^*P* \< 0.01, ^*\#\#\#*^*P* \< 0.001, compared with shPDCD10.](fonc-10-01377-g0001){#F1}

Inhibition of EphB4 Kinase Activity Rescues the Phenotype of shPDCD10-GBM Cells *in vitro*
------------------------------------------------------------------------------------------

In order to investigate effects of EphB4 activity on the behavior of GBM cells upon PDCD10 knockdown, migration-, adhesion-, and invasion of shPDCD10-U87- and shPDCD10-T98g cells were evaluated with and without NVP treatment. As demonstrated by scratch assay ([Figure 2A](#F2){ref-type="fig"}) and spheroid assay ([Figure 2B](#F2){ref-type="fig"}), PDCD10 knockdown resulted in a remarkable increase in U87 and T98g migration, which was reversed by the treatment with NVP. The quantitative analysis of the migration of both types of cells and in two migration assay methods were shown in [Figure 2C](#F2){ref-type="fig"}.

![Treatment with NVP attenuates PDCD10 knockdown-induced migration of GBM cells. shPDCD10-GBM cells were treated with NVP (10 nM) for different time periods as indicated in individual experiments. EV served as control. **(A)** Scratch assay: cells were treated with 10 nM of NVP for 24 h followed by the scratching. The migration was recorded 24 h after scratching. **(B)** Spheroid migration assay: the spheroids formed by GBM cells were suspended in normal medium and seeded on 96-well-plates precoated with matrigel. After treatment with NVP (25 nM) for 48 h, the spheroids were collected and their diameter was measured. Scale bar: 100 μm. **(C)** Statistical analysis of scratch assay and spheroid migration assay. \*\**P* \< 0.01, compared with EV; ^\#^*P* \< 0.05, ^*\#\#*^*P* \< 0.01, compared with shPDCD10.](fonc-10-01377-g0002){#F2}

Knockdown of PDCD10 also promoted adhesion ([Figure 3A](#F3){ref-type="fig"}) as well as invasion ([Figure 3B](#F3){ref-type="fig"}) of U87 and T98g GBM cells compared to the corresponding EV controls. Of note, the treatment with NVP significantly inhibited these activated GBM cell phenotypes resulted from PDCD10 knockdown ([Figure 3](#F3){ref-type="fig"}).

![Treatment with NVP inhibits PDCD10 knockdown-induced adhesion and invasion of GBM cells. The adherent U87- or T98g cells were detected by crystal-violet staining after treatment of NVP (25 nM, 90 min) following by the absorbance measurement at 550 nm **(A,C)**. The invasion of U87- or T98g cells were evaluated by the trans-well assay after treatment of NVP (25 nM for 48 h), the invaded cells were stained by crystal-violet and the absorbance was measuring at 550 nm **(B,C)**. All data presented were representative of at least three independent experiments. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001 compared with EV; ^\#^*P* \< 0.05, ^*\#\#*^*P* \< 0.01, compared with shPDCD10. Scale bar: 100 μm.](fonc-10-01377-g0003){#F3}

Inhibition of EphB4 Kinase Activity Suppresses Tumor Progression *in vivo*
--------------------------------------------------------------------------

To further investigate the role of EphB4 in tumor formation and growth, shPDCD10-U87 cells were subcutaneously implanted to nude mice. Before the implantation, the knockdown of PDCD10 was confirmed at mRNA- ([Figure 4A](#F4){ref-type="fig"}a) and protein levels ([Figure 4A](#F4){ref-type="fig"}b; corresponding blots in upper panel) in GBM cells. Three weeks after the implantation, tumors were resected and weighed before being analyzed by RT^2^-PCR, Western blot, ELISA, and tissue staining. RT^2^-PCR ([Figure 4B](#F4){ref-type="fig"}a) and Western blot ([Figure 4B](#F4){ref-type="fig"}b) confirmed a stable knockdown of PDCD10 in tumors derived from transplanted shPDCD10-U87 cells. Part of the protein lysate (produced for Western blot) was used to perform ELISA for p-EphB4. We found a drastically increased level of p-EphB4 in the PDCD10-knockdown tumors compared to the controls ([Figure 4C](#F4){ref-type="fig"}). The NVP treatment completely reversed the upregulation of p-EphB4 in xenograft tumors of the PDCD10-knockdown mice Consequently, the tumor progression was significantly faster in the shPDCD10-mice than that in the controls as inspected from day 7 to day 21 after implantation ([Figure 4D](#F4){ref-type="fig"}). The tumor mass weighted at the end of the experiment (21 days after implantation) was 2.3-fold in the shPDCD10-mice than that in the controls (*P* \< 0.05) ([Figure 4E](#F4){ref-type="fig"}). More importantly, the treatment with NVP not only abolished PDCD10-knockdown-mediated activation of EphB4 ([Figure 4C](#F4){ref-type="fig"}), but also suppressed the aggressive tumor progression and rapid growth in shPDCD10 mice ([Figures 4D,E](#F4){ref-type="fig"}).

![Inhibition of EphB4 suppresses PDCD10-knockdown mediated EphB4 activation and the tumor growth in a human GBM xenograft model in mice. **(A)** Confirmation of the knockdown of PDCD10 mRNA (a) and protein (b) in U87 cells before the implantation. **(B)** Expression of PDCD10 in resected tumors at mRNA (a) and protein levels (b) determined by RT^2^-PCR and Western blot, respectively. **(C)** ELISA for p-EphB4 demonstrated the activation of EphB4 in PDCD10-knowckdown tumors, which was completely reversed after treatment with NVP. **(D)** The tumor growth curve revealed a significantly faster tumor progression in PDCD10-knockdown tumors and a marked tumor growth inhibition by the treatment with NVP. **(E)** NVP treatment reduced significantly the tumor mass compared to that from PDCD10-knowckdonw mice. Upper: the representative images show the tumors from control, shPDCD10, and NVP-treated shPDCD10-mice, respectively. Lower: statistical analysis, \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001, compare to control; ^\#^*P* \< 0.05, ^*\#\#*^*P* \< 0.01, compare to shPDCD10 (*n* = 7, each group).](fonc-10-01377-g0004){#F4}

Next, we performed histological staining and immunostaining on the resected xenograft tumors. H&E staining revealed cellular atypia, areas resembling necrosis with tumor cell palisading, and angiogenesis. Interestingly, microvessel-like structures with blood cells were observed in H&E stained sections ([Figure 5A](#F5){ref-type="fig"}, arrows), suggesting a functional vascular network in xenograft tumors. Immunostaining for cell proliferation marker Ki67 revealed extensive Ki67-positive cells on the section from shPDCD10-mice ([Figure 5B](#F5){ref-type="fig"}). Furthermore, immunostaining confirmed some scatted CD31-positive cells on the tumor sections ([Figure 5C](#F5){ref-type="fig"}, arrows). Quantitative analysis demonstrated that that NVP treatment completely reversed the increased cell proliferation (*P* \< 0.05, [Figure 5D](#F5){ref-type="fig"}) and neo-angiogenesis (*P* \< 0.05, [Figure 5D](#F5){ref-type="fig"}) caused by PDCD10 knockdown.

![Knockdown of PDCD10 facilitates tumor cell proliferation and stimulates angiogenesis in a human GBM xenograft model in mice. **(A)** H&E staining revealed the histological feature of the GBM xenograft in all three groups. The vessel-like structure containing blood cells was observed in the tumors (arrows). A representative area of interest is given in inset at a higher magnification. **(B,C)** Immunohistochemistry with Ki67 **(B)** and CD31 **(C)** antibodies. **(D)** Statistical analysis of immunohistochemistry. Ki67 positive cells and CD31-positive cells were more frequently detected in shPDCD10-mice compared with the control and with NVP-treated shPDCD10 mice. \**P* \< 0.05, compare to control; ^\#^*P* \< 0.05, compare to shPDCD10 (*n* = 7, each group).](fonc-10-01377-g0005){#F5}

Discussion {#s4}
==========

PDCD10 is ubiquitously expressed and plays vital roles in vasculogenesis, angiogenesis, apoptosis, and autophagy. The biological and pathological functions of PDCD10 have been intensively studied in vascular endothelial system throughout the past decade ([@B8], [@B11]). Loss of endothelial PDCD10 affects vascular development and causes cerebral cavernous malformation ([@B9], [@B10]). We previously demonstrated a pronounced pro-angiogenic and anti-apoptotic effects in PDCD10 deficient endothelial cells, and identified a pivotal signaling pathway Dll4/Notch-EphB4-Erk1/2 underlying the endothelial functions of PDCD10 ([@B11]). More recently, the role of PDCD10 in malignant tumors has been emphasized. However, little is known about its role in GBM. Massive neo-angiogenesis is one of the distinct features of GBM, which distinguish GBM from other low-grade gliomas, and is a critical and causative factor leading to invasion, growth, and therapy-resistance seen in this tumor entity. In our previous study, we could demonstrate that PDCD10 was often absent in endothelial cells (ECs) of tumor vessels as well as in GBM cells (TCs) of human GBM; PDCD10 expression was associated with a higher microvessel density in GBM. Moreover, knockdown of either EC-originated or TC-originated PDCD10 activated GBM cells and promoted tumor growth via stimulating the release of a group of growth factors and angiogenic factors ([@B34], [@B35]). These data strongly support a crucial tumor suppressor-like function of PDCD10 in GBM, which raised our interest to further explore the mechanism underlying tumor-promoting effect mediated by shPDCD10 in GBM. The present study demonstrated that knockdown of PDCD10 in GBM cells led to a significant upregulation of EphB4 mRNA and protein expression and consequently a remarkable increase in the EphB4 kinase activity, which was completely reversed by the treatment with a specific EphB4 kinase inhibitor NVP. These results indicate that EphB4 acts downstream of PDCD10 in GBM cells. The functional study demonstrated that upon NVP treatment, the inhibition of EphB4 kinase activity can inhibit the aggressive behavior in shPDCD10 GBM cells, as well as hinder rapid tumor formation and proliferation, thereby leading to a reduction of the tumor mass in PDCD10 knockdown tumor. These findings provide evidence that the tumor-promoting effect resulted from PDCD10 knockdown is mediated by upregulation/activation of EphB4. Both forward and reverse signaling by the EphB4/ephrinB2 interaction is context-dependent and can vary from one cancer type to another ([@B37]). EphB4 is upregulated in GBM and EphB4/ephrinB2 pathway is involved in the neo-angiogenesis ([@B38]), tumors progression, prognosis of GBM ([@B32], [@B33], [@B39]), and in the resistance to anti-angiogenesis therapy ([@B39]). These data underscore the oncogenic function of EphB4 in GBM, and suggest EphB4 as a promising therapeutic target ([@B40]). Pharmacologically targeting EphB4 has emerged as a strategy against numerous cancers ([@B41]). Soluble EphB4 (sEphB4) is a soluble decoy of EphB4 that blocks EphB4-Ephrin-B2 bi-directional signaling. The anti-tumor activities of sEphB4 have been shown in multiple tumor models ([@B42], [@B43]). Another interesting option to inhibit EphB4 is the use of humanized monoclonal anti-EphB4. Krasnoperov et al. ([@B44]) described two EphB4 antibodies MAb131 and MAb47 that inhibit angiogenesis and tumor growth in a non--small-cell lung cancer cell line with distinct mechanisms. Of particular note, application of small molecule compounds that specifically act as a kinase inhibitor is more feasible to interfere with the activity of kinases such as EphB4. NVP is a small molecule that selectively inhibits tyrosine kinase activity of EphB4 ([@B45]). Becerikli et al. ([@B46]) showed that NVP inhibited EphB4 autophosphorylation, reduced cell growth rate of synovial sarcoma, and fibrosarcoma cells *in vitro* and hampered sarcoma lung metastasis *in vivo*. Inhibition of EphB4 by NVP overcomes the acquired resistance to cisplatin in melanoma xenograft models ([@B47]). By using NVP, we previously identified the EphB4-Erk1/2 as downstream signaling of Dll4-Notch pathway in endothelial cells. This is an important mechanism for the pro-angiogenic and anti-apoptotic function resulting from the knockdown of endothelial PDCD10 ([@B12]). The present study adds new evidence that NVP is able to reverse shPDCD10-induced activation of EphB4 thus its tumor-promoting effect via inhibiting EphB4 in GBM cells and in a mouse model of human GBM.

Loss of function mutations in PDCD10 causes defects in vasculogenesis and aberrant angiogenesis, and impairs vessel maturation/remodeling. Therefore, it is comprehensive that the knockdown of endothelial PDCD10 activates GBM cells and promotes tumor growth via stimulating multiple growth factors and angiogenic factors ([@B34]). However, the role of PDCD10 in tumor cells remains elusive and appears context dependent ([@B18], [@B19], [@B35], [@B48]--[@B50]). Barrier et al. ([@B48]) demonstrates that over-expression of PDCD10 is associated with poor prognosis of colorectal cancer patients. Ma et al. ([@B50]) points out that PDCD10 could promote prostate cancer cell proliferation and transformation by activating MST4 activity and may be involved in the Erk pathway. It is also demonstrated that as downstream target of miRNAs, PDCD10 is involved in the tumor phenotype ([@B19]) and chemo-resistance ([@B18]). More recently, Urfali-Mamatoglu et al. ([@B49]) reported that the dual function of PDCD10 in drug resistance. In the central nervous system, patients harboring heterozygous mutations in PDCD10 displayed a high risk for developing meningioma ([@B15]--[@B17]), suggesting a potential tumor suppressor-like function of PDCD10. The present study together with our recent work ([@B35]) report for the first time that GBM cells upon loss of PDCD10 and as a consequence activation of EphB4 exhibit a more aggressive behavior as shown by enhanced proliferation, migration, adhesion, and invasion *in vitro* as well as by the faster tumor progression *in vivo*. These findings are in agreement with so far identified major functions of EphB4 in GBM, i.e., promoting glioma cell migration and invasion ([@B51]). Moreover, we noted apparent functional tumor vessels in the shPDCD10-xenograft tumor. This phenomenon had been also observed in our previous study ([@B35]) and was confirmed in the present study. Given that the xenograft tumors developed after the implantation of GBM cells (U87) only without ECs, the formation of such microvessels might imply that loss of PDCD10 in GBM cells facilitates vascular mimicry by triggering a transformation of GBM cells to endothelial phenotype and stimulating tumor-angiogenesis. Importantly, inhibiting EphB4 activation significantly attenuated the tumor-angiogenesis *in vivo*. It is interesting to unveil if GBM cells transit to endothelial cells via PDCD10 and how PDCD10 regulates EphB4 expression in endothelial cells and in GBM cells in the further.
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